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Abstract-The large-eddy simulation (LES) technique is applied to the subcritical transition to 
turbulence of a finite-amplitude instability in the attachment-line boundary layer of a swept wing. The 
three-dimensional swept Hiemenz solution is used to model the base laminar flow along the leading 
edge of .a swept wing. The filtera Navier-Stokes equations are solved numerically using a localized 
dynamic eddy-viscosity model’to parameterize the unresolved scales. Outflow conditions are imposed 
using the buffer-domain technique, and initial disturbances are introduced through a blowing/suction 
strip. The linear stage of transition is bypassed due to the finite-amplitude perturbation. The 
instability growth rate is found to be significantly higher than in previous two-dimensional results, due 
to the commonly-made Gijrtler-Hiimmerlin assumption that the perturbation has the same spanwise 
structure as the base flow; this assumption is not supported by our results, most probably due to the 
finite spanwise length of the blowing/suction strip. As the flow propagates downstream, energy is fed 
into the spanwise modes, and turbulence generated on the attachment line is transported to other 
spanwise locations by the mean motion in this direction. The shape factor on the attachment line 
matches the turbulent boundary layer estimates, while the turbulent mean-velocity profiles on the 
attachment line deviate from the universal logarithmic behavior due to the appearance of inflectional 
points, which make the flow susceptible to inviscid instabilities. @ 2003 Elsevier Ltd. All rights 
reserved. 
Keywords-Largeeddy simulation, Attachment-line instability. 
1. INTRODUCTION 
Along the leading edge of swept aircraft wings (Figure la), a major instability mechanism that 
causes breakdown of laminar flow and transition to turbulence is the attachment-line instability. 
Perturbations originated, for example, at the wing/fuselage juncture can grow as they travel 
along the leading edge and cause the flow to become turbulent. The turbulence contamination 
can then spread over the entire wing surface. Although devices such as a surface bump [I] or 
suction at the wing root [2] can prevent such perturbations from affecting the entire wing, a 
critical Reynolds number exists above which other sources of flow perturbations, such as surface 
imperfections and noise, may eventually lead to transition. 
Detailed reviews of previous studies on the attachment-line instability problem can be found in 
references [3-S]; only the studies that are more relevant to the present one will be described here. 
Experiments by Pfenniger and Bacon [6] on the attachment-line boundary layer of a 45’ swept 
back wing and experiments by Poll [7] on the attachment-line boundary layer of a swept circular 
cylinder both indicate natural transition above a critical momentum-thickness Reynolds number 
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(a) Swept-wing configuration. (b) Swept Hiernenz flow configuration. 
Figure 1. 
Ree z 240. In both of these studies, however, it was observed that the presence of upstream 
finite-amplitude disturbances induce equilibrium-flow perturbations at significantly lower critical 
Reynolds numbers. These disturbances can be either externally forced, introduced in both studies 
by trip wires, or natural, due to nonzero turbulence intensity level in the wind tunnel. 
Hall et al. [8] and Lin and Malik [9] studied numerically the linear attachment-line instabil- 
ity of the swept Hiemenz flow (Figure lb) at several Reynolds numbers. The swept Hiemenz 
flow is used as a model of the actual flow along the wing attachment-line (x-direction) if wing- 
curvature effects across the attachment line can be neglected. Hall, Malik and Pall [8] considered 
two-dimensional disturbances that have the same spanwise structure as the base flow according 
to the Gortler-Hammerlin assumption that the spanwise perturbation velocity increases linearly 
with the spanwise coordinate E. Lin and Malik [9] considered more general symmetric and anti- 
symmetric modes in the spanwise direction, and it was found that, for all unstable modes, the 
perturbation magnitude increases with z albeit not linearly. The most unstable mode found by 
Lin and Malik [9] is the so-called first symmetric mode, which is identical to the one considered by 
Hall, Malik and Poll [8]. Based on this mode, Hall, Malik and Poll [8] determined the neutral curve 
that separates the stable and unstable regions as a function of Reynolds number and perturbation 
frequency, and found a critical Ree M 236, which agrees with the above-mentioned experimental 
critical Reynolds number for natural transition. This neutral curve is shown in Figure 2 (re- 
produced from [8]) together with experimental measurements in [6,7] of equilibrium frequencies 
of perturbations induced by natural finite-amplitude disturbances at several Reynolds numbers, 
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Figure 2. The neutral curve [8] of the linear instability of the swept Hiemene flow and 
experimental measurements (o: [6], 0: [7]) f q ‘l’b o e UI 1 rmm frequencies of perturbations 
induced by natural finiteamplitude disturbances. 
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It is clearly shown that these perturbations appear at Reynolds numbers down to Ree = 225, 
while for externally-forced, finite-amplitude disturbances the critical Reynolds number is even 
lower. To explain the decrease of the critical Reynolds number value in the presence of ini- 
tial finite-amplitude disturbances, Hall and Malik [lo] employed a weakly nonlinear theory in 
their numerical simulation of two-dimensional perturbations of the swept Hiemenz flow. They 
discovered a region of subcritical bifurcation of finite-amplitude disturbances along most of the 
upper branch of the neutral curve, which explains the absence of any upper-branch modes in the 
measurements in [6,7]. This subcritical bifurcation is the cause of nonlinearly unstable perturba- 
tions induced by finite-amplitude disturbances below the linear critical Reynolds number. The 
nonlinear critical Reynolds number decreases with increasing disturbance amplitude. 
Joslin [4) verified the existence of the subcritical growth region by a two-dimensional (2D) direct 
numerical simulation (DNS) of the swept Hiemenz flow on the attachment-line plane, considering 
both pure 2D and quasi-2D perturbations. As an extension of the 2D theories of Hall et al. [8,10], 
Joslin [3] computed the evolution of three-dimensional (3D) small-amplitude perturbations using 
a spatial DNS. 
The present study is an attempt to complement the weakly nonlinear studies [lo] and the 2D 
DNS [3] by performing numerical calculations of the development of finite-amplitude perturba- 
tions in the swept Hiemenz flow. Since our aim is to simulate the flow through the nonlinear 
breakdown stages, a large computational domain is required, and the resolution must be sufficient 
to resolve both the laminar breakdown stage and the turbulent flow region. These conditions 
would require a prohibitively expensive calculation if a DNS was to be performed. Therefore, 
the large-eddy simulation (LES) technique was used instead. It has been shown by several re- 
searchers [ll-131 that advanced subgrid-scale models are capable of capturing the transition 
process, and enable the transitional computations to be performed at a fraction of the projected 
DNS cost. Starting with a time-independent laminar base ilow and a finite-amplitude excitation, 
the entire process in the 3D boundary layer can be simulated. Due to the finite-amplitude of the 
initial disturbance, the linear stage of the “natural transition” to turbulence is bypassed. Such a 
process is termed “bypass transition”. 
A description of the formulation and the numerical method is presented in Section 2. In 
order to verify the numerical scheme employed and validate the code, a DNS of an infinitesimal 
disturbance is performed and the results are compared in Section 3 to those obtained in [3]. The 
nature of the nonlinear instability growth is compared to previous results [lo] and the various 
statistics are documented in Section 4. Some conclusions are drawn in Section 5. 
2. PROBLEM FORMULATION 
2.1. Governing Equations 
In LES, the incompressible Navier-Stokes equations are filtered by applying the operation 
f(x, t) = f(x, t) * G(x) = J, f (x’,t) G (x - x’) dx’, (1) 
where G is the filtering function and D is the computational domain, to yield the filtered equations 
of motion. In this study, the filtered quantities (Q,$ are decomposed into a base flow (Ui, P) 
and a filtered perturbation (ai,@). The base flow satisfies the equations 
If the base-flow (2) is subtracted from the filtered continuity and momentum equations, the 
governing equations in perturbation form are obtained 
ai& o six- 
z= ' $$+*+ 
- &iiUj I XJiGj 
axj - = 
-?E+-.L.$-~, 
axj z (3) 3 3 3 
where rij = 21i21j - ti& are the subgrid-scale (SGS) stresses that must be modeled. 
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Equations (2) and (3) are nondimensionalized with respect to the free-stream velocity, U,, 
and the boundary layer thickness 6. The reference Reynolds number is Re = U,&/V where v is 
the kinematic viscosity of the fluid. In the rest of this paper, for clarity of the exposition, the 
following notation is adapted: u = fir, v = fiz, w = fis, x = x1, y = x2, and z = 2s. 
2.2. Base-Flow Equations 
The laminar flow near the leading edge of a swept wing can be approximated by the 3D 
stagnation-point flow, better known as the swept Hiemenz flow, which is a similarity solution to 
the incompressible Navier-Stokes equations. A sketch of the configuration was shown in Figure lb; 
the fluid comes towards the wall with velocity Q, at an angle QI with respect to the y-axis in the 
xy-plane. The viscous boundary layer that is formed has constant thickness 6, and has the effect 
of displacing the outer inviscid flow away from the wall. Hence, apart from a region very close 
to the wall, the ilow may be assumed to be inviscid everywhere. 
If U, and IV, are the reference free-stream velocities along the x and z directions, respectively, 
then the velocity components of the swept Hiemenz flow are of the form 
h(z, Y> z) = nY), U~(s,y,z)=~’ U3(x,y,z)=z~, 
where the velocities are nondimensionalized with respect to U, as in (2). For the swept Hiemenz 
flow, the boundary layer thickness b is related to a reference length scale I in the spanwise 
direction by 6 = (eu/Wm)1/2, while Ree = 0.404Re. Note that the ilow is independent of the 
attachment line direction x, and accelerates along z. The similarity variables (denoted by a 
circumflex) satisfy the following equations [8]: 
bv + v = 0, $7”’ + pq2 - Qp’ - 1 = 0, fj” _ $)(j” = 0 1 (5) 
where F’ = g. The boundary conditions are: the no-slip condition at the wall, 6(O) = P(O) = 
I&(O) = 0; and the convergence to the inviscid flow far from the wall, 6(co) - v’(oo) = 1. 
(b) P. 
Figure 3. Swept Hiemenz flow self-similar solution. 
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Figure 3. (cont.) 
A fourth-order Runge-Kutta scheme is employed for the solution of (5). Since the values of 
3(O) and p(O) are unknown, a shooting method is used. The base flow similarity profiles are 
shown in Figure 3. Beyond a certain distance from the wall, P has a linear behavior as predicted 
by the inviscid flow solution. 
2.3. Numerical Method and SGS Model 
The governing equations (3) are solved using a fractional-step method [14]. For the momen- 
tum equations, fourth-order finite differences are used in the streamwise direction x, Chebyshev 
series in the wall-normal direction y, and Fourier series in the spanwise direction Z. The time 
advancement is performed by an implicit Crank-Nicholson scheme for the wall-normal diffusion; 
all the other terms are advanced explicitly using a compact third-order Runge-Kutta method. 
The Poisson equation for the pressure is discretized in a similar manner (compact fourth-order 
differences are used in x, however) and solved by an influence matrix method. The numerical 
method was validated by Joslin et al. [15] and Huai et al. [13,16]. 
No-slip conditions are applied at the wall, and the perturbations are required to vanish in 
the free stream. Periodicity is imposed in the spanwise direction, while the spanwise velocity 
component w is assumed to be an odd function of z, in order to facilitate comparison with the 
results of [lo]. It will be shown later that the use of periodicity in the spanwise direction does 
not affect the results in the region of interest. At the outflow, the buffer-domain technique [17] 
is used, in which the governing equations are gradually parabolized in a buffer region appended 
to the computational domain. 
The SGS stresses ~ij are parameterized by a localized dynamic eddy-viscosity model [18]. This 
model has been used successfully for the prediction of transitional and turbulent flows [13,16] 
similar to the one under investigation. 
3. LINEAR INSTABILITY 
In this section, DNS results are presented for infinitesimal, quasi-2D disturbances of the swept 
Hiemenz flow at Re = 570 (a value for which the flow is known to be linearly stable [3]). The 
results are compared to those obtained by Joslin [3] using DNS, in order to validate the numerical 
scheme employed here. 
The disturbance is introduced into the flow by a blowing/suction strip [19] on the wall. The strip 
is sufficiently elongated in the spanwise direction to ensure that the evolution of the perturbation 
remains quasi-2D. At the strip, the wall normal velocity component is given by w = A sin(wt). 
The strip parameters are shown in Table 1. 
The details of the computational domain dimensions and grid resolution are given in Table 2. 
For the time marching scheme, the disturbance period, T = 27~ jw, is divided into 320 time steps. 
The computational domain is approximately 11 wavelengths long; the last three wavelengths are 
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Table 1. Parameters for the infinitesimal disturbance blowing/suction strip. 
Table 2. Computational domain parameters for the infinitesimal disturbance calcu- 
lation. 
0 50 100 
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Figure 4. Spatial evolution of the streamwise perturbation velocity ‘~1, at y = 0.513. 
Five contour levels between 5 x 10V6 and 9 x 10V6 .are shown. 
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Figure 5. Decay of the streamwise perturbation velocity u, along the attachment line 
at y = 0.513. 
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used for the buffer region. A suitable streamwise location, that does not affect the Dirichlet 
conditions imposed at the inflow, is chosen for the strip. 
Due to the elongated strip that forces the flow, the evolution of the perturbation along the 
attachment line remains quasi-2D as it propagates downstream (Figure 4). Although the pertur- 
bation does not exhibit any significant 3D structure, wave spreading does occur due to the base 
flow that is accelerating away from the attachment line. The rate of spreading increases linearly 
with distance along the attachment line. Figure 5 shows the decaying nature of the perturbation, 
in excellent agreement with previous results [3]. Note that the streamwise velocity u, has been 
scaled appropriately (velocities are made equal at IC = 40), in order to facilitate the comparison 
of the decay rates with the normalized velocity given by Joslin [3], who used the maximum value 
obtained by a 2D simulation [4] for the scaling. 
4. FINITE-AMPLITUDE INSTABILITY AND TRANSITION 
TO TURBULENCE 
Using a weakly nonlinear theory, Hall and Malik [lo] showed that for finite-amplitude per- 
turbations, the swept Hiemenz flow exhibits a subcritical instability growth. Specifically, it was 
shown that for a perturbation with amplitude A = 0.12, wavenumber k = 0.34, and frequency 
w = 0.1496, the swept Hiemenz flow is unstable at Reynolds number Re = 570, while the corre- 
sponding linear critical Reynolds number is Re = 583. In this section, we examine the growth of 
this subcritical instability at Re = 570 and describe the nature of its transition to turbulence. 
4.1. Computation Parameters 
As in the previous section, the flow excitation is achieved by means of a blowing/suction strip; 
in this case, since the disturbance amplitude is finite, care must be taken that continuity is 
satisfied. This is achieved by allowing the wall-normal velocity, induced by the strip, to be a 
function of both space and time according to the following: 
v = As~(o)sz(z) sin(wt), (6) 
where 
Q(Z) = sin3 (2nz) (7) 
in an interval [xi, zz]. The strip is located sufficiently downstream of the inflow that it does 
not affect the Dirichlet boundary conditions imposed there. The function Q(Z) is a symmetric 
function of z, and is defined such that 
I 
+ZO 
s2 dz = 0, (8) 
--lo 
in an interval [--zc,+zs], while 2 = 0 at ]z] = to. To create the modulation function sz, an 
initial profile is created using straight lines (Figure 6b). This function is transformed to the 
Fourier space where the zero and some of the higher modes are then filtered out to yield the form 
of sz with the desired features described above. The parameters defining the perturbation are 
shown in Table 3. The strip-induced wall-normal velocity is shown in Figure 6a. 
In order to simulate the entire transition process efficiently, two computational boxes are used 
in the streamwise direction (Figure 7). This allows us to tailor the resolution (both in time 
and space) to the requirements of each region, as well as to decrease the amount of CPU time 
and memory required to run the calculation. This technique has been used in calculations of 
transition in flat-plate boundary layers [13,20] and of crossflow instability [13]. 
The dimensions of the first computational box are identical to those used for the linear insta- 
bility computation (Section 3). The grid is, however, modified to cope with the different flow 
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Figure 6. The blowing/suction strip 
Table 3. Parameters for the subcritical instability perturbation blowing/suction strip. 
situation; 221 x 61 x 73 points were initially used, but the spanwise resolution was found to be 
insufficient. After the flow had reached a statistical steady state, the flow-field was interpolated in 
the streamwise and spanwise directions, respectively, onto a refined grid of 111 x 61 x 145 points, 
and the calculations were continued until a sufficient statistical sample was obtained. The geo- 
metrical parameters and the resolution used are reported in Table 4. The grid sizes evaluated 
in wall units are also reported. The subscript ‘+’ indicates wall units, i.e., distances normalized 
using the kinematic viscosity v and the friction velocity U, = (rW/p)li2, where 
is the wall shear stress, p is the fluid density, ~1 is the fluid viscosity, and U, W are the time- 
averaged mean profiles. Since the wall stress, and hence, the friction velocity, varies through the 
flow-field, a worst-case estimate is reported by using the maximum value of u,, which occurs 
towards the end of each domain. The value of Ay+ reported is the distance from the wall to the 
first grid point. 
Although the flow on the attachment line begins to become turbulent by the end of the first 
box, the calculation was extended to the second box to analyze the growth of the instability in 
579 Large-Eddy Simulation 
, Buffer region 
c- Useful Region - 
a7 
inflow data 
BOX II 
Figure 7. Computational domain for the finite-amplitude calculations. 
Table 4. Computational domain parameters for the finite disturbance calculation. 
1 Dimensions 1 Grid Resolution 
IL x L, x L,) (Nz x N, x Nz) (Ax+ x A@ x AZ+) 
First box 217 x 50 x 200 111 x 61 x 145 56 x 0.32 x 39 
1 Second box 1 197x 50x 200 t 84 x 61 x 233 1 101 x 0.48 x 37 I 
the spanwise direction. At the outflow of the first box, the field is sampled for two time periods 
T = 27r/w, and then interpolated by Fourier interpolation in the spanwise direction onto a finer 
grid, which is then used as inflow data for the second box. Despite the refinements carried out 
(which brought us to the limit of the computational power that was available), in the turbulent 
region along the attachment line the resolution is only marginal. Typical LES calculations use 
spanwise grid sizes AZ+ < 30, whereas in that region the present calculation had 31 < AZ+ < 39. 
It should be pointed out, however, that over most of the domain the wall stress is substantially 
lower than along the attachment line, and thus the resolution in wall units is significantly better 
than the values reported in Table 4. In fact, the condition AZ+ < 30 is not met only at 15% of 
the points. Even the marginal resolution along the attachment line, in any case, is sufficient to 
yield at least qualitatively correct trends. 
The present technique allowed us to minimize the expense of the calculation, which was already 
considerable. The cost of the calculation of the first box is, in fact, extremely high due to the 
demand of the temporal resolution of the strip. The high excitation (12%) that the strip induces, 
in fact, enforces a very strict CFL-related restriction on the time-step (At = O.OOlT), causing it 
to be at least five times lower than it is in the second box. The two stages require 57 and 63 
megawords of memory, and about 100 and 80 hours for approximately 11 wave periods on the 
Cray C-90. 
4.2. LES Results 
In this section, the LES results are presented. The turbulence statistics of the flow are evaluated 
at the spatial locations marked by bullets in Figure 8. Unless specified otherwise, all statistics 
are obtained by averaging in time and over z-points symmetric about the attachment line. About 
25 realizations spanning one period, T, where used for the time-averaging in the first box; about 
40 realizations over two wave periods were used in the second. One wave period T corresponds 
F o.k 
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Figure 8. Perturbation flow subcritical transition in the attachment-line boundary 
layer. Instantaneous streamwise velocity contours and plots of streamwise and span- 
wise velocities at y = 0.045: (a) z = 70, (b) z = 150, (c) II: = ZOO, (d) I = 290. 
to 1.3 large-eddy turnover times (LETOT = 6*/U7), where 
6*=1(1--0) dy (10) 
is the displacement thickness, defined using the nondimensional base flow velocity, and U, is 
the friction velocity (defined above). Since the flow is not homogeneous in z, averaging is not 
performed in this direction. 
In contrast to the case of an infinitesimal perturbation, the evolution of the finite-amplitude 
perturbation is strongly three dimensional. The wave spreads almost linearly in the spanwise 
direction as it travels downstream. Figure 8 shows how energy is fed into both streamwise 
and spanwise velocity components from the start. The figure also shows some instantaneous 
profiles of u and w fluctuations that show the rapid growth of the instability downstream of the 
blowing/suction strip. Close to the strip (Figure 8a), the fluctuations are symmetric (2 = 0, 
2 = 0 w = 0) about the attachment line. Due to their subcritical and finite-amplitude nature, 1 
these fluctuations cannot be directly compared to linear instability results [9], but clearly their 
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Figure 9. 
magnitude does not increase with z like the corresponding linear instability modes. This is most 
probably due to the finite spanwise length of the blowing/suction strip. These plots also indicate 
that the spanwise extent of the domain is sufficient, and that the numerical results are not affected 
by the presence of the periodic boundary. 
The streamwise growth of the time-averaged total kinetic energy of the perturbation, EsDr 
and the kinetic energy of the perturbation on the attachment-line (z = 0), E2~, are shown in 
Figure 9a. The corresponding growth rate of the perturbation, G = (1/2E)($$), is shown in 
Figure 9b. The growth rate reaches its maximum, G,, M 0.035, just downstream of the blow- 
ing/suction strip, and decreases with z thereafter. For the corresponding subcritical instability, 
the weakly nonlinear theory in [lo] yields a maximum temporal growth rate o,,, x 0.004. Al- 
though a direct comparison between spatial and temporal growth rates is not possible, clearly the 
perturbation in the present study exhibits higher growth than the subcritical instability in [lo]. 
This is attributed to the following factors. First, in [lo], they assume a linear variation of the span- 
wise perturbation velocity, UJ = z&(x, y, t) (u = XU in the notation of equation (2.6) in [lo]), but 
use 2ir instead of w in the definition of the perturbation kinetic energy (see [lo, equation (4.14)]). 
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Figure 10. Streamwise, wall-normal, and spanwise r.m.s. velocity Profiles at X = 98. 
This results in an overestimation of the perturbation kinetic energy on the attachment-line plane 
and an underestimation of the perturbation growth rate. Second, the linear-increase assumption 
itself is not supported by the present data: the spanwise perturbation velocities do not exhibit 
the linear increase with z assumed in [lo] either instantaneously, as shown in Figure 8, or in the 
statistical sense, as shown by their r.m.s. intensities in Figures 10 and 11. 
A two-layer structure can be observed in the r.m.s. intensities; at z = 293, for instance, all 
the components present a near-wall peak followed by a plateau and a secondary peak situated 
quite far from the wall. The secondary peak emerges quite early (along the line of symmetry, it 
is already present at z = 98), and moves away from the wall. This peak can be related to the 
presence of inflectional velocity profiles, as shown below. 
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Figure 11. Streamwise, wall-normal, and spanwise r.m.s. velocity Profiles at z = ‘2%. 
Figure 12 shows the time-averaged streamwise velocity profiles in wall units at three spanwise 
and six streamwise locations (three in the first and three in the second computational box), and 
the corresponding profile of a turbulent, zero-pressure-gradient flat-plate boundary layer, the 
law-of-the-wall 
u+- + -Y I for y+ < 7, and u+ = i log (y+) + B, for y+ > 7, (11) 
where K = 0.41 and B = 5. For each spanwise location, the velocity profiles in the second 
box have clearly developed the characteristic logarithmic shape of turbulent flow in the region 
7 c y+ < 200. Along the attachment line, however, the slope of the profile in the logarithmic 
region is less steep than the boundary-layer profile (11). This behavior is similar to the one in 
a turbulent boundary layer under wall-suction conditions (see [21, Figure 21.51). Moving off the 
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Figure 12. Time-averaged, streamwise velocity profiles in wall units, u+ 
attachment line in the spanwise direction, the subcritical-instability profiles return towards the 
universal profile (11). 
As mentioned above, along the attachment line the time-averaged streamwise velocity profiles 
develop inflection points, which can be observed in the logarithmic plot in Figure 12 as well as 
in a linear scale in Figure 13. Such behavior was also observed in experimental [22] and numer- 
ical [13,23,24] studies of cross-flow instability. The presence of these inflection points indicates 
that the subcritical flow along the attachment line may be sensitive to secondary inviscid insta- 
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Figure 13. Time-averaged, streamwise velocity profiles, U, at (a) z = 0, (b) t = 16.67, 
(c) z = 33.33. For each spanwise location, the velocity profiles at 2 = 98, z = 118, 
I = 138, I = 158, z = 222, x = 245, I = 269, and I = 293 are shown in sequence 
staggered by 0.1 units. 
bilities. These instabilities may be responsible for the secondary peaks in the r.m.s. intensities 
shown above; very good correlation, in fact, is observed between the location of the secondary 
peak and that of the inflection point. The inflectiotial profiles become less evident as one moves 
away from the attachment line in the spanwise direction. 
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Figure 14. Total instantaneous shear, $$ at (a) I = 0, (b) z = 10, (c) z = 30 
Twenty-five contour levels are shown ranging from 0 to 2. 
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Figure 16. h-surfaces of total instantaneous vorticity magnitude 1~1, for (a) IwI = 
0.727, (b) jw\ = 1.090, (c) IwI = 1.453, (d) Iwj = 1.816. 
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The vertical structures that are known to exist in the nonlinear stages of transition over a 
flat plate are also observed In this simulation. Figure 14 shows contours of the instantaneous 
shear component, $$, at different spanwise locations. A roll-up of the shear layer is evident at 
x x 80. At this location, the shape factor, H = 6*/e, where 6* and 0 are the displacement and 
momentum thicknesses, respectively, along the attachment line (Figure 15) also starts to depart 
from its laminar value of 2.54 indicating the onset of transition. 
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Figure 17. Total instantaneous streamwise vorticity at zr = 140 (15 contour levels 
between -0.21 and 0.21 are shown). 
Figure 16 shows iso-surface plots of the total instantaneous vorticity. The spanwise evolution 
of the disturbance is clearly seen. The A-vortices that exist during the early stages of transition 
develop into a horse shoe like structure. The head of the vortex is visible at z x 150 along 
the attachment line (circled in Figure 16a). In order, to capture the legs of the horse shoe, a 
contour plot of the streamwise vorticity at x = 140 is shown in Figure 17 where two streamwise 
counter-rotating eddies are present, and are marked by the streamlines at y % 0.7 and .z z &17. 
As the flow gets turbulent, several streamwise vortices are visible (Figure 16). 
5. CONCLUSION 
The subcritical transition to turbulence of a finite-amplitude instability in the attachment-line 
boundary layer of the three-dimensional swept Hiemenz flow was simulated using LES. 
The linear stage of transition is bypassed due to the finite-amplitude perturbation generated 
by a blowing/suction strip. Close to the strip, the perturbation induces symmetric-mode dis- 
turbances. The instability growth rate is found to be significantly higher than in previous two- 
dimensional results, due to the Gortler-Hammerlin assumption that the spanwise perturbation 
velocity increases linearly with the spanwise coordinate Z; this assumption is not supported by 
our results, most probably due to the finite spanwise length of the blowing/suction strip. 
As the flow propagates downstream, energy is fed into the spanwise modes, and turbulence 
generated on the attachment line is transported to other spanwise locations by the mean motion 
in this direction. The turbulent mean-velocity profiles on the attachment line deviate from the 
universal logarithmic behavior due to the appearance of inflectional points, which make the flow 
susceptible to inviscid instabilities. 
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